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Abstract
Algal photosynthesis can stimulate production of associated microbial heterotrophs; however,
the mechanisms for this stimulation remain unknown. I incubated submerged Typha domingensis
leaf litter in greenhouse mesocosms under low- and high-nutrient regimes and conducted
microbial production assays after 79/80 (week 11) or 128/129 (week 18) days of colonization. I
manipulated environmental factors (oxygen, pH, and labile organic carbon) affected by algal
photosynthesis to test the hypothesis that one or more of these factors stimulates heterotrophic
microbial production. In the low-nutrient treatments, bacterial production was increased by
glucose addition during week 11 (p < 0.001) and by photosynthesis during week 18 (p < 0.05).
Fungal production was stimulated by photosynthesis in the high-nutrient treatments during
weeks 11 (p < 0.001) and 18 (p < 0.01) and by glucose during week 11 (p < 0.05). These results
confirm that algal photosynthesis can increase heterotrophic microbial production and suggest
that photosynthetic labile organic carbon (LOC) could be a stimulatory mechanism.
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Introduction
Wetlands are critically important components of the natural environment and are
responsible for many ecosystem services. For example, they provide habitat for a wide diversity
of flora and fauna, purify water, and modulate the retention and export of sediments and
important nutrients (Mitsch and Gosselink 2007). Emergent vascular plants, or macrophytes,
such as Juncus spp. (rushes) and Typha spp. (cattails) often inhabit wetlands and are responsible
for a large portion of annual primary production (Mitsch and Gosselink 2007). In these
productive wetland ecosystems, plant material senesces and enters the detrital pool, which
includes all dead particulate organic matter (POM) in the wetland. Once in the detrital pool,
POM is broken down further by detrital-feeding consumers and heterotrophic microbes such as
bacteria and fungi (Moore et al. 2004; Hagen et al. 2012), providing important fluxes of carbon
(C) and nutrients at the base of detrital aquatic food webs. Additionally, once submerged,
decaying plant material from macrophytes provides increased surface area that supports the
growth of microbial communities (Battin et al. 2007) in complex biofilms commonly referred to
as periphyton.
Periphyton communities play important ecological roles in aquatic ecosystems.
Periphyton is a complex community of microorganisms that can exist on virtually all moistened
or submerged surfaces in aquatic systems. Periphytic biofilms are frequently comprised of
autotrophic and heterotrophic organisms including algae, bacteria, and fungi in a polysaccharide
matrix (Wetzel 2001; Lopez et al. 2010), which develops from algal and bacterial exudates
(Wetzel 2005). These communities can be considered microbial landscapes that are defined by
exact boundaries, structure, and function (Battin et al. 2007), often at a scale of a centimeter or
smaller. When conditions promote periphytic algal growth, periphyton communities serve as
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important primary producers and can contribute significantly to the net primary production of an
ecosystem (Adey and Luckett 1993). Periphyton communities often serve as habitats for small
aquatic invertebrates, which along with some fish, can efficiently graze upon periphyton. In turn,
this grazing can contribute significantly to the energy flow in aquatic food webs (Azim et al.
2005). Through algal photosynthesis and the breakdown of detrital POM by heterotrophic
microbes, the organisms that comprise periphytic biofilms are responsible for much of the
phosphorus (P), nitrogen (N), and carbon (C) cycling that occurs in aquatic systems (Allan &
Castillo 2007).
The close spatial proximity of algae and heterotrophic microbes within the
polysaccharide matrix of periphyton communities suggests the potential for interactions between
periphytic organisms (Kuehn et al. 2014). The polysaccharide matrix encompassing periphyton
communities acts as a barrier that can trap extracellular enzymes, their lysis products, nutrients,
and other byproducts of algal and microbial respiration (Freeman and Lock 1995). The
confinement of these materials within periphyton communities is thought to facilitate the
exchange of substances needed for growth and metabolism between periphytic organisms
(Sinsabaugh et al. 2013), promoting relationships between heterotrophic microbes and algae
(Figure 1). The polysaccharide matrix enclosing periphyton communities also serves as a barrier
from the surrounding water column, and this isolation is likely to further facilitate interactions
between heterotrophic microbes and algae (Saikia 2011).
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Figure 1. Conceptual model of the study system and its components. This figure illustrates a) the
transition of emergent vegetation into submerged plant detritus that is then able to be colonized
by periphytic microbes and b) the potential pathways of interactions between sunlight, decaying
plant detritus, autotrophs, heterotrophs, and nutrients within periphyton communities. Numbers
refer to 1) The contribution of dissolved organic carbon (DOC) to surface waters via macrophyte
root exudates, 2) Particulate organic matter (POM) taken up by heterotrophic microbes (fungi
and bacteria), and 3) Periphytic autotroph-heterotroph interactions with each other, surface water
dissolved organic matter (DOM), and dissolved oxygen (DO).
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There have been many studies on the numerous roles of periphyton in aquatic systems,
including primary production (Goldsborough et al. 2005), use as water quality indicators
(Sabater and Admiraal 2005), and nutrient absorption (McCormick et al. 2006); however, the
interactions between microbes living within the periphyton is relatively unexplored. In
freshwater periphyton communities, environmental factors such as pH, oxygen availability, and
labile organic carbon (LOC) availability are affected by the photosynthetic activity of algae
(Wetzel 2001) and these environmental changes could alter the behavior of the microbial
community. For instance, increased pH can increase the extracellular enzyme activity of
heterotrophic microbes. Extracellular enzymes are secreted onto the cell surface to break down
organic matter, such as remnant plant and animal material, that is too large to pass through the
cell membrane (Wetzel et al. 1995; Sinsabaugh et al. 2002; Paul et al. 2012). There is evidence
that extracellular enzyme activity of heterotrophic microbes is linked to the presence and
productivity of algae and other primary producers (Romaní and Sabater 1999). Additionally,
increased oxygen concentrations are necessary for microbial production and aerobic respiration
while labile organic carbon inputs are required for energy provided through heterotrophic
metabolism.
To date, several interactions between periphytic autotrophs and heterotrophs have been
observed. Heterotrophic stimulation by autotrophs in aquatic environments suggests that algal
photosynthesis can enhance microbial activity within periphyton communities (Rier et al. 2007;
Danger et al. 2013; Kuehn et al. 2014; Francoeur et al. 2020). Additionally, experimental
incubations of decaying plant material with 14C- and 13C-bicarbonate revealed that inorganic
carbon fixed by periphytic algae was quickly consumed by bacterial and fungal decomposers, in
conjunction with 60% greater production rates when light and dark conditions were compared
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(Kuehn et al. 2014). Recent research has provided much insight about the interactions within
microbial landscapes; however, there is currently a gap in the understanding of the underlying
mechanism(s) (i.e., altered oxygen, pH and/or labile carbon supply) that link periphytic
autotrophs and heterotrophs in wetland ecosystems.
Increased nutrient (nitrogen [N] and phosphorus [P]) supply can increase the biomass and
production of wetland periphyton (Scott et al. 2005; Scott and Doyle 2006; Cooper et al. 2016),
and ecological stoichiometric theory (Sterner and Elser 2002) predicts that N & P sufficiency
should increase the importance of carbon supply for heterotrophic microbial production. Thus, it
may be expected that high nutrient availability would increase the linkage of algae and
heterotrophic microbes, as there is more microbial biomass to interact, and the importance of
labile carbon supply by algae (one likely interaction mechanism) should be increased. However,
Scott and Doyle (2006) observed weaker linkage of wetland algal and bacterial production under
high nutrient conditions. This question requires further research.
The purpose of this study is to investigate the largely uncharacterized interaction of algae
with bacteria and fungi in wetland environments to answer the questions: 1) What byproduct(s)
of algal photosynthesis stimulate the production of heterotrophic microbial decomposers? and 2)
Can nutrient availability affect the photosynthetic stimulation of heterotrophic microbes?
Answers to these questions can aid in the understanding of detrital processing, nutrient cycling,
and energy flow due to interactions in the microbial landscape. Periphyton communities were
grown on Typha domingensis leaf litter in greenhouse mesocosms meant to simulate typical
wetland conditions. Microbial production rates were measured using 14C-bicarbonate, 3Hleucine, and 14C-acetate incorporation techniques for algae, bacteria, and fungi, respectively, to
test the following hypotheses and predictions:
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1. One or more environmental factors associated with algal photosynthesis increases the
production of bacteria and fungi in periphyton communities.
a. I predicted that increases in O2 concentration, pH, or labile organic carbon
concentration would increase production rates of algae, bacteria, and fungi
when compared to production rates of microbes in manipulations where
photosynthesis is inhibited. Furthermore, I predicted that experimental
manipulations which included increases in all environmental factors taken
together (O2, pH, and LOC) would increase production rates of algae,
bacteria, and fungi. Finally, I expected to see decreases in microbial
production rates in manipulations where photosynthesis was inhibited and
oxygen was decreased.
2. Elevated nutrient concentrations would alter the strength of algal-heterotroph linkages
within periphyton.
These questions are particularly important ecologically as they investigate ecosystemlevel processes that are presumed to be facilitated, in part, by the relationship between autotrophs
and heterotrophs in freshwater habitats.
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Methods
Greenhouse Mesocosms
Periphyton communities were grown from seedstock under ambient greenhouse conditions
in mesocosms located in greenhouses at the University of Alabama. Standing-dead Typha
domingensis leaf litter was collected, air-dried, placed into floating wire-mesh litter baskets (as
described by Francoeur et al. 2006) and submerged in elliptical 2000-liter fiberglass tanks filled
with approximately 1900 L of deionized water (Figure 2). To manipulate nutrient levels, one
mesocosm per nutrient level (2 nutrient levels; 1 high-nutrient and 1 low-nutrient mesocosm)
was used. The high-nutrient mesocosm was filled with water supplemented to 100 ug/L N-NH4,
100 ug/L P-PO4, and 1000 ug/L N-NO3. The low-nutrient mesocosm was supplemented with 10
ug/L N-NH4,10 ug/L P-PO4, and 100 ug/L N-NO3. Mineral additions to the mesocosms (Table 1)
were used to artificially simulate natural wetland water (Kilham 1997). After initial inoculations,
nutrient additions were made to each mesocosm one week prior to each sampling date to bring
mesocosms back up to their initial starting concentrations of each nutrient (Table 2).
Decomposing wood, naturally-submerged Typha litter, and wetland water were collected from an
inland marsh near Fosters, Alabama, within the Black Warrior River watershed, approximately
20 miles from the University of Alabama. The wood and submerged Typha litter were bundled
and submerged within mesocosms to serve as a microbial seedstock, and each mesocosm was
supplemented with 15 L of wetland water as an additional source of microbes. The mesocosms
were aerated and equipped with a paddle wheel and chiller unit to slowly recirculate water (~24
cm min-1), which maintained water temperature (Table 2) and replicated natural wetland water
movement. Deionized water additions supplemented any evaporation-associated water loss.
Environmental conditions within the greenhouse were monitored throughout the experiment
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(Table 2). Flow velocity (m/s) was determined using the floating bottle method. Alkalinity (mg
L-1 CaCO3) was determined using standard techniques (American Public Health Association
1992). Conductivity (uS cm-1) and dissolved oxygen (DO; mg L-1) were measured using a YSI
Professional Plus Multiparameter Probe (YSI Incorporated, Yellow Springs, OH). Temperature
was monitored using a HOBO onset logger. PAR (wavelengths 400-700 nm) and UV
(wavelengths < 400 nm) were quantified using an Apogee MQ-200 quantum meter. Nutrient
samples were processed on a Seal AQ-2 (Fareham, UK) discrete analyzer following protocols for
NH4, NO3, and SRP (Seal Analytical 2015).

9

Figure 2. Greenhouse mesocosms. Fiberglass tanks (top left) were equipped with a
paddle wheel to circulate water (top right) and bundled wood and Typha provided
microbial seedstock (lower left). Floating leaf litter baskets (lower right) were
submerged in an open area of the tanks.
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Table 1. Mineral additions used to artificially simulate natural wetland water in mesocosms.
Chemical Stock
7 major stocks:
Name
CaCl2 2H2O
Calcium Chloride
MgSO4 7H2O
Magnesium sulfate
K2HPO4
Potassium Phosphate dibasic
NaNO3
Sodium nitrate
NaHCO3
Sodium bicarbonate
Na2SiO3 9H20
Sodium silicate
H3BO3
Boric acid
KCl
Potassium chloride
Algal Trace Elements:
Sodium ethylenediaminetetracetic
Na2EDTA 2H2O
acid
FeCl3 H2O
Iron (III) chloride
MnCl2 4 H2O
Manganese (II) chloride
CuSO4 5H2O
Copper sulfate
ZnSO4 7H2O
Zinc sulfate
CoCl2 6H2O
Cobalt chloride
NaMoO4 2H2O
Sodium molybdate
H2SeO3
Selenous acid
Na3VO4
Sodium orthovandate
Animal Trace Elements:
LiCl
Lithium chloride
RbCl
Rubidium chloride
SrCl2 6 H2O
Strontium chloride
NaBr
Sodium bromide
KI
Potassium iodide
Note: Adapted from Kilham 1997.

Mass Needed
(g)
10.822
10.866
0.641
6.256
3.71
8.368
7.064
2.195

Actual (g)
10.8231
10.8861
0.6407
6.2589
3.7092
8.3654
7.0642
2.158

1.2823
0.2945
0.0524
0.00019
0.0068
0.0019
0.0064
0.00046
0.00054

1.2811
0.2936
0.0532
0.0002
0.0065
0.0022
0.0075
0.0006
0.0006

0.09112
0.02136
0.04475
0.00485
0.00098

0.0913
0.0211
0.0447
0.0049
0.001
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Table 2. Environmental conditions within the greenhouse and mesocosms.

Note: The nutrient measurements for low and high nutrient mesocosms on
Sampling Date 1 represent the draw down measurements before nutrients
were supplemented a week prior to Sampling Date 1. Post-supplemental
measurements were taken but are not yet processed. *ND stands for not
determined, as week 18 measurements were taken but are not yet processed.
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Experimental Manipulations
Experiments occurred over the course of a weekend on two separate occasions. Algal,
bacterial, and fungal assays in low- and high-nutrient treatments were conducted on days 79 and
80 following initial incubation, respectively (hereafter week 11) and on days 128 and 129
following initial incubation, respectively (hereafter week 18). During weeks 11 and 18, leaf litter
from replicate trays was sectioned into 1.7-cm-long pieces with random sections selected for
analysis of algal, bacterial, and fungal biomass and production (n = 6 replicate trays for algal,
bacterial, and fungal production). For each incubation, I placed leaf litter pieces into capped
glass scintillation vials filled with filtered mesocosm water and the experimentally manipulated
photosynthesis (allowed or inhibited), O2 concentrations, labile organic carbon concentration,
and pH (Table 3) within the vials. Production assays took place in the laboratory in a radioactive
fume hood with a grow lights (Agrobrite T5, Hydrofarm Inc., Petaluma CA, (23°C, ~215 umol
m-2 s-1) for the duration of the incubation. A transparent acrylic sheet (Acrylite OP3) was
attached to the grow lights to filter out any UV wavelengths < 400 nm.
In order to determine which mechanism(s) of algal photosynthesis were stimulatory to
microbial production, it was important to ensure that each mechanism in its respective treatment
was the only factor that influenced production rates. To achieve this, I used DCMU (3-3,4dichlorphenyl)-1,1-dimethylurea), a photosystem II inhibitor (Francoeur et al. 2007), which
interrupts the function of the electron transport chain and reduces the ability of algae to fix light
into chemical energy. DCMU has no discernable direct short-term effect on heterotrophic
metabolism (Francoeur et al. 2007). For photosynthesis-inhibited mechanistic treatments (Table
3), I prepared a 20 uM DCMU/0.01% acetone solution in filtered mesocosm water (for every 1L
of total volume, 100 uL of stock was used). For the photosynthesis-allowed treatment (Table 3), I
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prepared filtered mesocosm water with an equal amount of acetone (for every 1L of total
volume, 100 uL of acetone was used). Since acetone was used as the initial non-polar solvent for
the DCMU solution used in the photosynthesis-inhibited treatments, an equal amount of acetone
was added to the photosynthesis-allowed treatment to prevent any experimental artifact. In the
bacterial and fungal production incubations, each experimental vial was filled with 3,880 uL of
filtered mesocosm water with 20 uL of DCMU/0.01% acetone solution (for mechanistic vials
and the photosynthesis-inhibited control) or 20 ul of 0.01% acetone (for the photosynthesisallowed treatment). Prior to placement into experimental vials, litter pieces were pre-incubated
for at least 5 min in either 20 uM DCMU/0.01% acetone solution or a 0.01% acetone solution, as
appropriate.
To manipulate oxygen concentrations within treatments, I attached hollow needles to a
tubing manifold which was connected to either an O2 or a N2 gas cylinder. Replicate vials
containing 3.9 mL of filtered, DCMU-treated mesocosm water were placed into scintillation
racks and experimental solutions were bubbled with either O2 gas to supersaturate O2 levels (for
the +O2 and +“all” treatments), which is a common environmental change in periphyton
communities (Carlton and Wetzel 1987; Carlton and Wetzel 1988; Dodds 1991), or N2 gas was
used to create anoxic conditions for 0% O2 treatments. Prior to the incubation, needles were
inserted directly into each experimental solution and bubbled (flow rate 3.66 L/min) for three
minutes to ensure that the target O2 concentration for each vial was achieved (Table 3). After
bubbling, Typha pieces (1.7 cm each, 2 per vial) were placed into each experimental vial and
samples were quickly capped with parafilm to reduce gas exchange with the atmosphere. The
needles were then reinserted through the parafilm into the headspace of each vial. This
continuously flushed O2 or N2 into the headspace of the vials and maintained target O2
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concentrations for the duration of the incubation. This ability of the gas-bubbling method to
maintain desired oxygen levels was validated in preliminary experiments (Tables 4 and 5).
To manipulate labile organic carbon concentration in the glucose treatments (“+ glucose”
and “+ all”), I prepared a 1.1 mM glucose solution in DCMU-treated mesocosm water. Algae
frequently exude glucose during photosynthesis (Hass and Wild 2010), and the concentration I
used is reasonable, based on previous estimates of algal photosynthesis and exudation (Wyatt et
al. 2014). Replicate vials in the “+ glucose” and “+ all” treatments were filled with 3,880 ul of
the prepared glucose solution and capped after 2 Typha pieces were added.
To manipulate pH, NaOH additions (1 M, 10 uL/25 mL mesocosm water) were used to
increase pH from ~6.9 to ~10. Increased pH is a common environmental change due to algal
photosynthesis (Revsbech et al. 1983; Espeland and Wetzel 2001), due to carbon dioxide (CO2)
uptake by photosynthesis and the carbonic acid-carbonate-bicarbonate pH buffering system
present in most natural waters. Replicate vials in the pH treatments were filled with 3,880 uL of
the prepared NaOH solution and capped after 2 Typha pieces were added.

Table 3. Environmental factors employed to test bacterial and fungal responses.
Note: The +pH, +O2, +N2, +All, and +Glucose treatments were prepared with DCMU to inhibit
photosynthesis.
(+N2/Variable
+PS
-PS
+pH
+O2
+All
+Glucose
O2 )
1.1 mM
Glucose,
~10 and
>100%
0% and
100%
Target
PS
PS
1.1 mM and PS
PS
and PS
PS
O2, and
value
allowed Inhibited
Inhibited
Inhibited Inhibited Inhibited +pH 10
and PS
Inhibited
Replicates

6

6

6

6

6

6

6

Note: The +pH, +O2, +N2, +All, and +Glucose treatments were prepared with DCMU to inhibit
photosynthesis.
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Table 4. Oxygenation trial comparing oxygen saturation in capped versus uncapped vials.
O2 Saturation (%)
O2 Saturation (%)
O2 Saturation (%)
O2 Saturation (%)
Parafilm, w/ O2
During Bubbling
Ambient, Uncapped
During Bubbling
pumped in headspace
1 min.
75.2
15 min.
116.1
1 min
130.8
15 min
227.1
3 min.
171.6
30 min.
116.5
3 min
--30 min
264.8
5 min.
--45 min.
104.9
5 min
--45 min
290.5
10 min.
--60 min.
93.3
10 min
--60 min
311.6
Note: O2 gas was bubbled into the experimental vials for 3 minutes to ensure 100% or more
oxygen concentration in the fluid. Experimental Typha leaf litter was placed in the experimental
vial and either left uncapped or was capped with parafilm with oxygen ran into the headspace,
with saturation measurements being taken every 15 minutes.
Table 5. Deoxygenation trial comparing oxygen saturation in capped versus uncapped vials.
O2 Saturation (%)
O2 Saturation (%)
O2 Saturation (%)
O2 Saturation (%)
Parafilm, w/ N2
During Bubbling
Ambient, Uncapped
During Bubbling
pumped in headspace
1 min.
0
15 min.
52.6
1 min
0
15 min
0
3 min.
0
30 min.
--3 min
0
30 min
0
5 min.
--45 min.
--5 min
--45 min
0
10 min.
--60 min.
--10 min
--60 min
0
Note: N2 gas was bubbled into the experimental vials for 3 minutes to ensure 0% oxygen
concentration in the fluid. Experimental Typha leaf litter with periphyton present was placed in
the experimental vial and either left uncapped or was capped with parafilm with N2 ran into the
headspace, with saturation measurements being taken every 15 minutes.
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Laboratory Methods
Algal Production
Algal production assays were used to determine the efficacy of DCMU as an inhibitor of
photosynthesis and to quantify the average amount of LOC exuded from algae in each treatment.
Algal production experiments took place in a fume hood with grow lights (Agrobrite T5,
Hydrofarm Inc., Petaluma CA, ~215 umol m-2 s-1, 22°C). Two sections of T. domingensis (1.7
cm long) from each replicate tray (n = 6 replicate trays), plus two sections from any tray were cut
and placed into glass scintillation vials with 4.9 ml of filtered wetland water (pH ~6.9). This
process was repeated with glass scintillation vials with filtered wetland water and DCMU
additions. For each treatment, a killed control was prepared by placing one section into a glass
scintillation vial with 4.5 ml of filtered wetland water (pH ~6.9) and 0.4 ml of 37% formalin
(~3% final concentration of formalin). In the radioactive fume hood, 0.1 ml of stock 14C
bicarbonate (5 uCi ml-1) was added to each sample vial, recording the time of addition to the
nearest minute. Each vial was tightly capped and placed into a scintillation rack in front of the
grow lights. Samples were incubated for approximately 2 hours. After incubation, 0.45 ml of
37% formalin (~3% final concentration of formalin) was added to each sample, recording the
time of formalin addition to the nearest minute. Samples were placed in the dark for 10-15
minutes, then litter sections were removed from experimental vials and placed into pre-labeled
dishes and the incubation solution in each vial was filtered through a 0.22 Millipore GSWP filter
and then frozen. We removed unincorporated 14C-bicarbonate from samples by fuming with HCl
for 10 minutes. For each sample, the filter and litter section were placed into a centrifuge tube
with 5 ml of 0.5 M NaOH and heated at 80 °C for 1 hour and then left overnight after heating.
After samples cooled, 100 ul of digest was placed into a glass scintillation vial with 100 ul of
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30% H2O2 and left for 24 hours to clear all color. Finally, 10 ml of EcoLume was added to each
vial and left to sit for at least 8 hours, or several days, if needed to clear phase and then samples
were quantified on a multi-purpose scintillation counter (BeckmanCoulter LS6500, Brea, CA).

Bacterial Production
To quantify bacterial assimilated C, the same experimental setup as the algal production
assay was used, with additional treatments manipulating pH, O2 and LOC. Sections of T.
domingensis litter (1.7 cm long) from each replicate tray were cut from both the high and low
nutrient treatments (98 sections from each treatment, respectively). Each vial was prepared with
the experimental treatment as described under “experimental plan.” Two killed control vials
were prepared for each treatment by adding and 0.45 ml of 50% trichloroacetic acid (TCA) (~5%
final concentration of TCA) and then placing two T. domingensis sections (1.7 cm each) to each
vial. TCA is used to correct for nonbiological 3H-leucine incorporation. To each vial, 100 ul of
100,000 nM non-radioactive leucine stock was added, and all experimental vials were placed in
scintillation racks in the radioactive fume hood, in front of grow lights (Agrobrite T5, Hydrofarm
Inc., Petaluma CA, ~215 umol m-2 s-1, 22°C). To each vial, 20 ul of stock 3H-leucine (~2000 nM
3

H-leucine) was added, recording the time of addition to the nearest minute. Each vial was

tightly capped and left to incubate for 30 minutes. After incubation, 0.44 ml of 50% TCA (~5%
final concentration of TCA) was added to each sample. Vials, with caps loosened, were placed
into an 80 °C water bath for 30 minutes, briefly allowed to cool and then placed on ice for 30
minutes. Each sample was vacuum filtered (0.2 um polycarbonate, backed with 0.9 um MCE)
then placed on ice to ensure protein precipitation. Litter and incubation were rinsed two times
with 5% TCA (4 ml for each rinse), two times with 80% EtOH (4 ml for each rinse) and then two
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times with diH2O (4 ml for each rinse), with centrifuging and removal of waste between each
rinse. Any remaining litter in incubation vials was placed into a labeled centrifuge tube with the
filter and any attached litter. To each centrifuge tube, 10 ml alkaline extractant (0.3 m NaOH,
0.1% SDS, and 25 mM EDTA) was added, then heated to 80 °C for 60 minutes and then left to
cool overnight. For each sample, 100 ul of digest was placed into a glass scintillation vial with
100 ul of 30% H2O2 and left to sit for 24 hours. I added 10 ml of EcoLume to each vial, allowed
vials to sit for at least 8 hours, or several days if needed to clear phase and then quantified on a
multi-purpose scintillation counter (BeckmanCoulter LS6500, Brea, CA).

Fungal Production
Quantification of fungal assimilated C used the same experimental setup as the bacterial
assays. Sections of Typha litter (1.7 cm long) from each replicate tray were cut from both the
high and low Nutrient treatments (98 sections from each treatment, respectively). Each vial was
prepared with the experimental treatment as described under “experimental plan.” For each
treatment, a killed control was prepared by adding 3734 ul of filtered mesocosm water with 316
ul of 37% formalin (~2% formalin) to account for nonbiological 14C-acetate incorporation, and
two Typha sections were added to each vial. In the radioactive fume hood, 50 ul of diluted stock
14

C acetate was added to each scintillation vial, recording the time of the last addition. Each

sample was tightly capped, mixed, and placed in scintillation racks in the lighted fume hood and
left to incubate for 4-5 hours. Samples were mixed occasionally during the incubation to ensure
proper distribution of label. After incubation, each sample was vacuum filtered through a 25 mm
glass filtration unit using a 25 mm glass fiber filter and rinsed twice with 4 ml of GFF filtered
mesocosm water and then litter pieces were placed into pre-labeled plastic scintillation vials and
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frozen (-20°C) until samples were extracted for ergosterol determination using HPLC (Kuehn et
al. 2014). Purified ergosterol was placed into scintillation vials with 10 ml of EcoLume added
and left to sit for at least 8 hours, or several days if needed to clear phase and then quantified on
a multi-purpose scintillation counter (BeckmanCoulter LS6500, Brea, CA).

Microbial Biomass
To determine algal biomass, chlorophyll a (chl a) was determined using the hot ethanol
method and quantified spectrophotometrically (Biggs and Kilroy 2000). Intact samples (2 Typha
pieces per replicate, with algae still attached) were frozen (-20 ºC, darkness) for storage.
Pigments were later extracted using hot ethanol (Francoeur et al. 2013) and chlorophyll was
measured spectrophotometrically (Biggs and Kilroy 2000), with acidification to correct for
phaeopigments.
For each date, bacterial biomass was assessed using flow cytometry. Two litter pieces
from each replicate were placed into scintillation vials with 10 ml 2% (v/v) sodium
pyrophosphate (0.1% w/v) buffered formalin and stored in a refrigerator (4ºC, darkness) until
processed. Samples were then sonicated (Branson 150 Sonicator, setting four) for four, 20
second intervals. From each sample, 0.5 ml aliquots were removed and strained (70-um strainer,
Miltenyi Biotec, Cologne, Germany) to remove coarse particulate matter then diluted with 4.5 ml
of phosphate-buffered saline (PBS). Following the methods of the Invitrogen Bacteria Counting
Kit for Flow Cytometry (Thermo Fisher, Waltham, MA), samples were then vortexed prior to the
addition of microbeads and bacterial cell stain. Samples were analyzed on a flow cytometer (BD
LSRFortessa Cell Analyzer; as described by Halvorson et al. 2018). Dyed controls containing
only microbeads served as a baseline measurement for counted bacterial cells. Only those cells

20
with fluorescence greater than the controls were counted and any cells larger than the microbeads
(> 6 um) were excluded from analysis. Samples were converted to “corrected epifluorescence”
counts because flow cytometry often under-estimates true bacterial biomass. This conversion is
reasonable based on previous bacterial abundance-to-biomass conversions (Loferer‐Krößbacher
et al. 1998).

Data Analysis
To determine the efficacy of DCMU as a photosynthesis inhibitor, I performed separatevariances t-tests to compare +DCMU and -DCMU treatments within each individual date and
nutrient treatment. To test hypothesis one, that one or more environmental factors associated
with algal photosynthesis increased the production of bacteria and fungi in periphyton
communities, I performed one-way analysis of variance (ANOVA) on bacterial and fungal
production within each individual date and nutrient treatment, performing data transformations
as needed to meet assumptions of equal variance. Post-hoc Dunnett’s tests were performed where
appropriate using JMP Pro software (version 15) with differences being considered significant at
(a = 0.05). To assess which environmental factors drove changes in heterotrophic microbial
activity, I used Dunnett’s test to compare each environmental treatment to the treatment in which
photosynthesis was inhibited but no experimental factors were added (+DCMU). Influential
experimental factors (+PS, +all, +glucose, +pH, and +O2) should increase heterotrophic
production above that observed in the negative control to levels observed in the positive control
(-DCMU).
To test hypothesis two, that elevated nutrient concentrations will alter the strength of
algal-heterotroph linkages within periphyton, the magnitude of photosynthetic stimulation of
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heterotrophic production was compared between the two nutrient treatments by comparing logresponse ratios (Hedges et al. 1999) of -DCMU and +DCMU treatments at each sampling date.
To determine if the amount algal-derived labile carbon or experimentally-added glucose
could have limited heterotrophs responses during any of the incubations, I calculated and
compared 30% (the fraction of photosynthate typically exuded by algal cells (Wyatt et al. 2014),
of the mean change in algal C supply rates (ug C/ g C/ h) to the mean change in heterotrophic
(bacterial + fungal) C incorporation rates between the +DCMU and -DCMU treatments in all
experiments. A similar analysis was conducted considering the +glucose and +DCMU treatments
in order to compare the amount of added glucose (317 ug C/vial; Table 8) to the additional
heterotrophic C (ug C/vial) uptake in the +glucose treatment, assuming a 4-hour incubation.
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Results
Algal Carbon Assimilation
For week 11 and week 18 incubations, algal assimilation of C (ug C/ g detrital C/ hr) was
significantly less for both low and high nutrient conditions (p always < 0.001) in the
photosynthesis-inhibited incubation. (Figure 3). Log response ratio calculations show
significantly larger responses of algal production to the photosynthesis inhibitor (DCMU) in high
nutrient conditions (Q = 4.11, p < 0.05) on week 18 but not week 11 (Q = 0.114, p > 0.05; Table
6).
Table 6. Log response ratios for algae, bacterial, and fungal production.

Note: +DCMU and -DCMU treatments within algal, bacterial, and fungal production assays were
compared across low and high nutrient mesocosms. Bold values indicate significant treatments
(p < 0.05).
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Figure 3. Mean algal assimilation rates for low- and high-nutrient treatments across both dates.
For low- and high-nutrient treatments across both sample dates, samples treated with DCMU
(black bars) treatment had consistently lower 12C assimilation rates than samples without
DCMU (white bars). Bars represent mean values ± 1 standard error. * indicates treatments
significantly different (p < 0.05) from the DCMU treatment.

Bacterial Production
Bacterial production tended to be greater under high-nutrient conditions compared to
low-nutrient conditions over both sampling dates (Figures 4, 5, 6, and 7). Bacterial production
rates (ug C/ g detrital C/ hr) displayed an apparent pattern of being greater in the photosynthesisallowed positive control (-DCMU) when compared to the photosynthesis-inhibited negative
control (Figures 4, 5, 6, and 7); however, only the low-nutrient experiments during weeks 11 (p <
0.01) and 18 (p < 0.05) had statistically-distinguishable differences amongst experimental
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treatments. Subsequent analysis of the week 11 low-nutrient experiment showed that the
presence of glucose significantly increased bacterial production rates (p < 0.05) when compared
to the photosynthesis-inhibited treatment (Figure 4). While there were significant differences
between bacterial production rates in the week 18 low nutrient experiment, post-hoc analysis was
unable to detect statistical differences of individual experimental treatments from the
photosynthesis-inhibited treatment. However, increased bacterial production rates were observed
in the glucose treatment when compared to the photosynthesis-inhibited treatment, following the
trend of the week 11, low-nutrient incubation (Figures 4 and 6). I did not find any significant
differences between mechanistic treatment groups in either high-nutrient treatment incubation on
weeks 11 (p > 0.05) or 18 (p > 0.05); however, I did find that bacterial production rates increased
in response to glucose, following the trend of the week 11, low-nutrient incubation (Figure 4, 6,
and 7).
Analysis of nutrient effects using log response ratios did not reveal any significant
difference in responses to photosynthesis between the low and high nutrient levels during week
11 (Q = 9.70 x 10-6, p > 0.05; Table 6) or 2 (Q = 0.608, p > 0.05; Table 6).
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Figure 4. Week 11 bacterial production responses to different photosynthetic mechanisms (grey
bars) under low nutrients. There were significant differences between treatments (p < 0.001),
particularly in the glucose treatment when compared the photosynthesis-inhibited control (black
bar), DCMU (p < 0.05). Light bar depicts the photosynthesis-allowed positive control. Bars
represent mean values ± 1 standard error. * indicates treatments significantly different (p < 0.05)
from the photosynthesis-inhibited treatment.
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Figure 5. Week 11 bacterial production responses to different photosynthetic mechanisms under
high nutrients. There were no significant differences between treatments (p > 0.05). Bars
represent mean values ± 1 standard error.

27

Figure 6. Week 18 bacterial production responses to different photosynthetic mechanisms under
low nutrients. There were significant differences between treatments (p < 0.05); however, no
significant differences of mechanisms were found when compared the photosynthesis-inhibited
control, DCMU. Bars represent mean values ± 1 standard error.
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Figure 7. Week 18 bacterial production responses to different photosynthetic mechanisms under
high nutrients. There were no significant differences between treatments (p > 0.05). Bars
represent mean values ± 1 standard error.
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Fungal Production
Fungal production was generally elevated in high nutrient conditions compared to low
nutrient conditions over both sampling dates (Figures 8, 9, 10, and 11). In all fungal production
incubations, production rates (ug C/ g C/ hr) tended to be greater in the photosynthesis-allowed
positive control (-DCMU) when compared to the photosynthesis-inhibited negative control
(Figures 8, 9, 10, and 11); however, I found significant differences amongst experimental
treatments for fungal production rates only in the week 11 (p < 0.001) and week 18 (p < 0.01),
high-nutrient incubations. Post-hoc analysis of the week 11 high-nutrient experiment revealed
significantly increased responses of fungal production to glucose (p < 0.05) and the
photosynthesis-allowed control (-DCMU, p < 0.001) when compared to the photosynthesisinhibited negative control (+DCMU, Figure 9). Also during week 11, fungal production rates
decreased significantly in response to the anoxic mechanistic treatment (-O2/+N2) when
compared to the photosynthesis-inhibited treatment (p < 0.001, Figure 9). Post-hoc analysis of
the week 18 high-nutrient experiment showed significantly increased responses of fungal
production to photosynthesis (-DCMU, p < 0.01, Figure 11). Although not statistically
significant, I did observe a tendency towards higher fungal production rates in response to
glucose when compared to the photosynthesis-inhibited treatment in the week 11 low-nutrient
treatment as well as both nutrient treatments during week 18 (Figures 8, 10, and 11).
Analysis of nutrient effects using log response ratios could not detect a statistically
significant difference in the response to photosynthesis between low- and high-nutrient
conditions during either week 11 (Q = 3.02, p > 0.05; Table 6) or 18 (Q = 0.332, p > 0.05; Table
6).
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Figure 8. Week 11 fungal production responses to different photosynthetic mechanisms under
low nutrients. There were no significant differences between treatments (p > 0.05). Bars
represent mean values ± 1 standard error.
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Figure 9. Week 11 fungal production responses to different photosynthetic mechanisms under
high nutrients. There were significant differences between treatments (p < 0.001). When
compared to the photosynthesis-inhibited control (+DCMU), there were significant increases in
fungal production rates in response to the photosynthesis-allowed control (-DCMU, p < 0.001)
and glucose (p < 0.05). There was a significant decrease in fungal production rates in response
the absence of oxygen (-O2/+N2) when compared to the photosynthesis-inhibited treatment (p <
0.001). Bars represent mean values ± 1 standard error. * indicates treatments significantly
different (p < 0.05) from the DCMU treatment.
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Figure 10. Week 18 fungal production responses to different photosynthetic mechanisms under
low nutrients. There were no significant differences between treatments (p > 0.05). Bars
represent mean values ± 1 standard error.
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*

Figure 11. Week 18 fungal production responses to different photosynthetic mechanisms under
high nutrients. There were significant differences between treatments (p < 0.01). When
compared to the photosynthesis-inhibited control (+DCMU), there were significant increases in
fungal production rates in response to the photosynthesis-allowed control (-DCMU, p < 0.01).
Bars represent mean values ± 1 standard error. * indicates treatments significantly different
(p < 0.05) from the photosynthesis-inhibited treatment.
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Microbial Biomass
For chlorophyll a (mg/piece) and bacterial biomass (mg C/ g detrital C), I observed
greater mean attached biomass measurements in high-nutrient conditions when compared to lownutrient conditions (Table 7). Additionally, mean biomass measurements during week 18
incubations were greater than week 11 biomass measurements for chl a and bacterial biomass.
Mean fungal biomass (mg C/ g detrital C) was generally greater in high-nutrient conditions when
compared to low-nutrient conditions; however, fungal biomass was markedly lower during the
week 18 incubations when compared to the week 11 incubations (Table 7).

Table 7. Mean attached microbial biomass measurements.

Note: Measurements were made for chlorophyll a (chl a), bacterial biomass, and fungal biomass.
Bars represent mean values ± 1 standard deviation.
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Calculated Algal Exudation During Incubations
During week 11, algal photosynthetic exudates were estimated to supply 10.17 and 82.89
ug C/g C/h, equivalent to 77.68 and 106.53% of the additional C incorporated by heterotrophs
when they were exposed to active photosynthesis during the low- and high-nutrient experiments,
respectively (Table 8). During week 18, algal photosynthesis was estimated to supply 18.39 and
110.7 ug C/ g C/h, corresponding to 78.85 and 13.73% of the additional heterotrophic C uptake
during the low-and high-nutrient experiments, respectively (Table 8). Glucose-added treatments
received an additional C supply of 317 ug C/vial. Increased heterotrophic uptake of C during the
+glucose treatment accounted for less than 2% of C added as glucose (Table 8).

Table 8. Estimated proportion of algal-derived C or C added as glucose taken up by additional
heterotrophic production in the +DCMU or +Glucose treatments.
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Discussion
Algal Response to Photosynthetic Manipulation and Nutrient Treatments
I found nearly complete inhibition of algal photosynthesis by DCMU in all nutrient
treatments across both sampling dates (Figure 3). These results are consistent with other studies
that have shown that DCMU additions effectively reduce algal photosynthesis (Francoeur et al.
2007; Kuehn et al. 2014; Francoeur et al. 2020) and indicate that DCMU exposure was a reliable
means to control photosynthesis in our concurrent experiments examining bacteria and fungi.
Algal inhibition by DCMU was somewhat stronger in the high-nutrient treatment (perhaps
because of the greater potential for photosynthesis of uninhibited algae under high-nutrient
conditions), although this pattern was only supported statistically for the week 18 experiments.
In any case, the greater algal biomass observed in the high-nutrient treatments did not make them
less susceptible to inhibition from DCMU exposure.

Bacterial Responses to Experimental Manipulations and Nutrient Treatments
In all bacterial production incubations across both sampling dates, there was an apparent
but non-significant pattern of increased bacterial production rates of the photosynthesis allowed
positive control (-DCMU) when compared to the photosynthesis inhibited negative control
(+DCMU). While some studies have shown that bacterial production is stimulated by algal
photosynthesis (Neely and Wetzel 1995; Scott and Doyle 2006; Kuehn et al. 2014), others have
shown that bacterial production may not always respond strongly to algal photosynthesis
(Halvorson et al. 2018; Francoeur et al. 2020). Organic C supply is an apparent stimulatory
mechanism for heterotrophic microbes, so it is possible that the amount of algal-derived C
produced during photosynthesis could have limited the bacterial response to photosynthesis
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during these experiments. I estimated the amount of C supplied by algae as well as the amount of
C taken up by heterotrophs in each mesocosm on each particular date (Table 8). In three of four
experiments, the additional microbial heterotrophic C uptake in the photosynthesis-active
treatment could account for 75 to greater than 100% of estimated photosynthetically-derived C
(Table 8). Based on these values, the strength of the heterotrophic responses to photosynthesis in
both nutrient incubations during week 11 and the low-nutrient incubation during week 18 may
have been limited by algal supply of C. Previous studies, taken with the results from my study,
suggest that bacterial stimulation by algae can be inconsistent and requires further inquiry.
There were significant differences between mechanistic treatments in the low-nutrient
experiments during weeks 11 (p < 0.01) and 18 (p < 0.05), supporting hypothesis 1, that one or
more environmental factors associated with algal photosynthesis increases the production of
bacteria in periphyton communities. Analysis of week 11 data revealed significantly increased
responses of bacterial production to glucose (p < 0.05, Figure 4) during low-nutrient experiment;
however, there were no statistically-detectable differences between individual mechanistic
treatments when compared to the +DCMU treatment during the week 18 low nutrient experiment
(Figure 6). Although not statistically significant, bacterial production tended to respond
positively to glucose (when compared to the +DCMU treatment) in all nutrient treatments across
both dates and (with the exception of the week 11 low nutrient incubation where the response to
glucose was stronger) tended to respond to glucose and DCMU approximately equally (Figure
5). The increased response of bacterial production to glucose during the week 11 low-nutrient
incubations may be due to the large input of C (as glucose) these samples received (Table 8).
While it seems that algal-derived C may have been limiting in most of these experiments,
+glucose treatments received 317 ug C per vial, far outweighing the corresponding increase in
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heterotrophic C uptake (Table 8). If the additional supply of C as glucose was responsible for the
increase in bacterial production, it would be reasonable to expect a similar pattern of increased
bacterial production to the +all treatment, as it received the same input of extra C; however, we
do not see any significant response to the +all treatment. This requires further investigation.
While positive interactions between bacterial production and labile organic carbon have been
seen in previous studies (Sobczak 1996), others have found glucose to stimulate fungi but not
bacteria (Soares et al. 2017) especially when nutrients are readily available (Scott and Doyle
2006). Here, I suggest that LOC in the form of glucose may be an important stimulatory
mechanism of bacterial production, at least under low nutrient conditions, but the inability to
support this statistically during week 18 indicates that further study with increased replicates are
needed.
Across all dates and nutrient levels, bacterial production did not respond to increased pH,
suggesting that pH was not an important mechanism of algal photosynthesis stimulating bacterial
production in periphyton communities. This may be due to adaptation of bacteria to the natural
diurnal fluctuations of pH which occur in these communities. During the day, photosynthetic
uptake of CO2 from the surrounding environment reduces CO2 concentrations in the water
column, raising pH to values exceeding 9 (Revsbech et al. 1983; Carlton and Wetzel 1988;
Espeland and Wetzel 2001). In the evening (dark conditions) photosynthetic activity and uptake
of CO2 is greatly reduced, resulting in lower pH conditions. This diurnal change in pH requires
periphytic bacteria be adapted to both low and high pH conditions. In contrast,
photosynthetically-induced fluctuations in pH are known to influence extracellular enzyme
activity, as Francoeur and Wetzel (2003) found that increased pH resulted in increased activity of
a protein-degrading extracellular enzyme, leucine-aminopeptidase (LAMP). Increased activity by

39
extracellular enzymes such as LAMP that are important in degrading organic matter could
indirectly influence bacterial production through the provision of nutrients or organic C. In
general, bacterial production did not respond strongly to O2 (or lack of O2). Bacterial incubations
were short-term (~30 min); however, so this time frame may not have been long enough to elicit
a response by bacteria to O2 supersaturation or anoxic conditions, especially if facultative
anaerobic pathways (e.g., fermentation; Barton and Northup 2011) were used to buffer the
effects of short-term anoxia.
I found that bacterial production was generally greater in high nutrient conditions at both
sampling dates (Figures 4, 5, 6, and 7). This correlates with the increase in bacterial biomass I
found among high nutrient treatments (Table 7). In contrast to Scott and Doyle’s (2006) findings
that algal-bacterial linkages were weakened by high-nutrient supply, our log response ratio
analyses did not reveal any significant effect of nutrients on the response of bacterial production
to photosynthesis (Table 7), probably as the result of a general lack of strong bacterial responses
to photosynthesis during these experiments. Given the inconsistency of bacterial responses to
photosynthesis and mechanisms of photosynthesis in my study and that of Scott and Doyle
(2006), this topic requires future study with additional data.

Fungal Response Experimental Manipulations and Nutrient Treatments
There was an apparent trend toward increased fungal production rates in response to the
photosynthesis-allowed positive control (-DCMU) when compared to the photosynthesisinhibited negative control (+DCMU, Figures 8, 9, 10, and 11), though this can only be confirmed
statistically in the high nutrient experiments on weeks 11 (p < 0.01) and 18 (p < 0.01, Figures 9
and 11). Significant responses of fungal production rates were observed during the week 11
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high-nutrient experiment (p < 0.001), supporting hypothesis 1, that one or more environmental
factors associated with algal photosynthesis increases the production of fungi in periphyton
communities. Subsequent analysis on the week 11 high-nutrient experiment data revealed
significantly increased fungal production rates in response to the glucose (p < 0.05) and the
photosynthesis-allowed treatments (-DCMU, p < 0.001) when compared to the photosynthesisinhibited negative control (+DCMU, Figure 9). Additionally, this analysis revealed that fungal
production rates decreased significantly in response to the anoxic treatment (-O2/+N2) when
compared to the photosynthesis-inhibited treatment (p < 0.001, Figure 9). During the week 18
high-nutrient experiment, I found that fungal production was significantly increased in response
to photosynthesis (-DCMU, p < 0.01, Figure 11). These trends are consistent with studies which
found that fungi are generally stimulated by algal photosynthesis (Kuehn et al. 2014; Francoeur
et al. 2020; Pope et al. 2020) and suggest that fungal stimulation by labile C, such as glucose
(Soares et al. 2017) may be particularly important. However, I did not find any significant
differences between mechanistic treatment groups during the low nutrient experiments during
weeks 11 or 18 (Figures 8 and 10). Although not statistically significant in every experiment, I
did observe a trend of increased fungal production rates in response to photosynthesis and in
response to glucose in all four experiments (Figures 8, 9, 10, and 11), suggesting that detection
of this phenomenon might have been obscured by relatively low statistical power. Similar to
what may have occurred in the bacterial production incubations, the fungal response to
photosynthesis might possibly have been constrained by the amount of labile organic C provision
from algae (Table 8). The weaker responses of fungi to glucose in my study may be due to
antagonistic interactions between bacteria and fungi due to resource competition (Wyatt et al.
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2019), or limitation on the rate of transport of glucose from the water in the vials to fungal
hyphae on and within litter pieces.
Generally, there were weak responses of fungal production to anoxic conditions
(-O2/+N2), but in the week 11 high nutrient experiment, fungal production rates decreased
significantly in response to the anoxia when compared to the photosynthesis-inhibited treatment
(p < 0.001, Figure 9). While fungal production tended to be higher in high O2 conditions when
compared to the photosynthesis-inhibited treatment, there were no significant differences
between O2 and photosynthesis-inhibited across any date or nutrient treatment (Figure 9).
Medeiros et al. (2009) found decreased fungal production and growth in response to longer-term
(18-day) incubations under low O2 (4%) concentrations; however, some aquatic fungi have the
capability of surviving long-term anoxic conditions (up to 12 months without oxygen; Field and
Webster (1983)). Furthermore, some aquatic fungi can survive under anoxic conditions due to
their fermentation capabilities. Ho et al. (2003) grew aquatic fungi in fermentation incubations
over a 28-day period and showed the persistence of aquatic fungi in low O2 conditions. It seems
likely that the duration of fungal incubations in this experiment (~4 hours) was not long enough
to elicit a response of fungi to anoxic conditions. Similar to bacterial production, fungal
production did not tend to respond to increased pH, suggesting that pH is not an important
mechanism of algal photosynthesis that stimulates fungal production in periphyton communities.
The effect of nutrients on the strength of fungal responses to photosynthesis were not
statistically detectable at either date (Table 7), but they did seem to approach detectability (if an
a = 0.1 were used) at week 11. Further study is needed to determine the effect of nutrients on
fungal production as previous studies have shown inconsistent outcomes. Interestingly, fungal
production rates are high for both nutrient treatments during week 11; however, production rates
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drop off dramatically during the week 18 incubations. This may be due to much lower fungal
biomass over the duration of the experiment (from week 11 to week 18; Table 7). The results in
my study differ from research where long-term patterns of fungi biomass accrual in response to
algal biomass and activity have been found to be significantly strengthened by increased
nutrients (Wyatt et al. 2018); however, my results correlate with research that found that shortterm responses of fungal production to algal photosynthesis was unaffected by nutrient-enriched
leaf litter (Francoeur et al. 2020). This suggests that the modulation of fungal responses to
photosynthetic activity by nutrients may be variable and further study is needed to determine the
relationship between increased nutrients and the potential for stronger algal-fungal linkages.

Microbial Biomass
Chlorophyll a (chl a) was greater in high-nutrient conditions compared to low-nutrient
ones, and overall, chl a was greater during week 18 than it was during week 11 (Table 7). It is
important to note that chl a values likely would have been even greater during the week 18
experiments; however profound algal growth caused algal filaments to attach to the wire-mesh
litter baskets. This attachment resulted in a loss of some algae when removing Typha litter from
the baskets. Bacterial biomass was also greater under high-nutrient conditions, but bacterial
biomass was variable between weeks 11 and 18. For example, during week 11 in the lownutrient mesocosm, bacterial biomass was 0.105 ± 0.009 mg C/ g detrital C and increased
slightly to 0.116 ± 0.027 during week 18. In the high-nutrient mesocosm during week 11,
bacterial biomass was 0.436 ± 0.088 mg C/ g detrital C during week 11 and decreased to 0.331 ±
0.084 during week 18 (Table 7). Fungal biomass followed a similar nutrient trend, as it was
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greater in high-nutrient conditions. However, fungal biomass declined sharply by week 18 (Table
7), possibly leading to much lower fungal production at the second sampling date.
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Summary and Conclusions
My study showed a non-significant trend of photosynthetic stimulation of bacterial
production and found significant fungal stimulation only under high-nutrient conditions. This
study highlights the potential importance of labile organic carbon as a mechanism by which algal
photosynthesis could stimulate to bacterial and fungal production in periphyton communities.
Although significant bacterial and fungal responses to glucose exposure were only detected in
some experiments, glucose showed an apparent stimulation of bacterial and fungal production.
Weaker effects of bacterial and fungal stimulation by photosynthetic mechanisms such as
glucose or by photosynthesis in general may be due to temporal variability or low statistical
power in determining differences between glucose or photosynthesis-allowed (-DCMU) and
photosynthesis-inhibited (+DCMU) treatments. Further study on the effect of glucose to
heterotrophic production is required to determine if this relationship exists.
The priming effect is well-observed in terrestrial systems and is characterized by the
stimulation of heterotrophic microbes by plant root exudates (increased LOC), resulting in
increased (or decreased) decomposition. Similar observations of heterotrophic stimulation and
either increased (Halvorson et al. 2016, 2019) or decreased (Halvorson et al. 2016, 2018) plant
material loss in aquatic environments suggests that algal photosynthesis can affect microbial
activity and litter decomposition (Rier et al. 2007; Danger et al. 2013; Kuehn et al. 2014). While
my study did not test for mechanistic effects on microbial production related to litter
decomposition, my findings potentially identify glucose as an important mechanism of algal
photosynthesis that drives priming effects in aquatic systems. The apparent trends of higher
bacterial and fungal production in response to glucose could aid in the understanding of priming
effects; however, this requires further research with linked decomposition experiments.
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Across all dates and nutrient levels, heterotrophic production (bacteria and fungi) did not
tend to respond to increased pH. This suggests that pH is not an important mechanism of algal
photosynthesis that is directly stimulatory to heterotrophs in periphyton communities, perhaps
because heterotrophic microbes are adapted to daily fluctuations in pH. However, it is possible
that indirect stimulation may occur through pH-mediated increases in extracellular enzyme
activity (Francoeur and Wetzel 2003). Overall, bacteria and fungi did not respond greatly to O2
supersaturation or anoxia. This may be due to the nature of our short-term incubations (30
minutes for bacteria and 4 hours for fungi). Longer-term studies in various O2 conditions would
be needed to determine the effect of O2 on fungal production in periphyton communities.
In general, I found weak effects of increased nutrients on bacterial and fungal production
in response to algal photosynthesis. Nutrients had a significant effect on algal responses to the
photosynthesis inhibitor DCMU during week 18 (Table 6) but had weak or negligible effects on
bacterial and fungal responses to algal photosynthesis production. Relatively low statistical
power due to the nature of my experimental design (single degree of freedom comparison of two
mesocosms vs. individual replication of nutrient conditions) may have led to an inability to
directly detect responses to nutrients, so future experiments are needed to robustly test these
hypotheses. Interestingly, I found significant differences between mechanistic treatments in
bacterial production assays only in low-nutrient mesocosms (Figures 4 and 6), while significant
differences between mechanistic treatments in fungal production assays only occurred in highnutrient mesocosms (Figures 9 and 11). This suggests that bacteria may be able to outcompete
fungi for resources aiding in production in low-nutrient regimes, whereas fungi may have the
advantage over bacteria in high-nutrient regimes. Increased bacterial competitive ability under
low-nutrient regimes may be due to their greater surface area-to-volume ratio resulting in more
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efficient uptake of nutrients and algal exudates from the surrounding environment (Wetzel
2001).
Overall, this study advances our understanding of autotroph-heterotroph linkages in
periphyton communities and provides evidence of the potential role of LOC via algal
photosynthesis as a stimulator of ecosystem-level processes. Photosynthetic stimulation of
heterotrophs could have impacts on decomposition (priming), nutrient cycling, and energy flow
within aquatic systems. Given the importance of algae as primary producers and stimulators of
heterotrophic microbial activity, further studies are needed to determine the mechanisms by
which photosynthesis, with special regard to provision of labile organic carbon, could affect
microbial production in periphyton communities.
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